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A Parameterization of the Cloud Scattering
Polarization Signal Derived From GPM

Observations for Microwave Fast
Radative Transfer Models

Victoria Sol Galligani , Die Wang , Paola Belén Corrales , and Catherine Prigent , Member, IEEE

Abstract— Microwave cloud polarized observations have shown
the potential to improve precipitation retrievals since they are
linked to the orientation and shape of ice habits. Stratiform
clouds show larger brightness temperature (TB) polarization
differences (PDs), defined as the vertically polarized TB (TBV)
minus the horizontally polarized TB (TBH), with ∼10 K PD
values at 89 GHz due to the presence of horizontally aligned
snowflakes, while convective regions show smaller PD signals,
as graupel and/or hail in the updraft tend to become ran-
domly oriented. The launch of the global precipitation mea-
surement (GPM) microwave imager (GMI) has extended the
availability of microwave polarized observations to higher fre-
quencies (166 GHz) in the tropics and midlatitudes, previously
only available up to 89 GHz. This study analyzes one year of GMI
observations to explore further the previously reported stable
relationship between the PD and the observed TBs at 89 and
166 GHz, respectively. The latitudinal and seasonal variability
is analyzed to propose a cloud scattering polarization parame-
terization of the PD-TB relationship, capable of reconstructing
the PD signal from simulated TBs. Given that operational
radiative transfer (RT) models do not currently simulate the
cloud polarized signals, this is an alternative and simple solution
to exploit the large number of cloud polarized observations
available. The atmospheric radiative transfer simulator (ARTS)
is coupled with the weather research and forecasting (WRF)
model, in order to apply the proposed parameterization to the
RT simulated TBs and hence infer the corresponding PD values,
which show to reproduce the observed GMI PDs well.

Index Terms— Clouds, microwave radiometry, passive
microwave remote sensing.
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I. INTRODUCTION

AT LOW microwave frequencies (below 80 GHz),
emission and absorption by the liquid phase in the

clouds dominate satellite signals [1]. At higher frequencies
(above 80 GHz), it is mainly ice particle scattering that drives
the interaction between hydrometeors and the radiation that is
received by passive microwave measurements [2]–[5]. Small
pristine ice habits at high altitudes can also be more emissive
than scattering, and as a result, their cold emission can
be misinterpreted as scattering brightness temperature (TB)
depressions. In most cases, the cloud scattering signal is
determined largely by the microphysical properties of the
ice particles (e.g., their composition, shape, orientation, and
size distribution). However, a robust representation of the ice
microphysical properties, especially their scattering properties,
still remains a challenge in cloud-resolving and climate mod-
els, and radiative transfer (RT) simulations, due to the lack of
observational constraints [6]–[8].

The scattering properties of ice particles can be calculated
from several methods, such as the T-matrix method [9] or the
discrete dipole approximation (DDA) [10]. There are several
publicly available databases of DDA results for various particle
shapes [11], [12], which have been used in many RT modeling
studies. However, the ice particles in many retrievals and
cloud-resolving models are assumed to be randomly oriented
and to have simplified particle shapes and/or a constant
density, which may induce large uncertainties [13]. Even if
more complex and realistic ice particle shapes could be used,
difficulties would still be encountered in choosing a single
arbitrary shape that fits all observations (see [5], [6], [14]).

An important aspect of the passive microwave measure-
ments is the TB polarization difference (PD), defined as the
vertically polarized TB (TBV) minus the horizontally polar-
ized TB (TBH). The PD has been used to identify convective
and stratiform clouds and has shown potential to improve
precipitation retrievals from satellite platforms, as previous
studies have linked PD values to physical properties such as
the orientation and shape of the ice phase (see [15]–[20]).
However, current operational RT models are not capable of
conducting cloud polarized simulations (e.g., the community
radiative transfer model (CRTM) [21] or the radiative transfer
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for TOVS (RTTOV) [22]), and increasing the complexity of
the ice scattering calculations adds to the computational cost
of the models, including nonoperational RT models (e.g., the
atmospheric radiative transfer simulator (ARTS) [23]). For
this reason, the present study aims at exploring alternative
solutions capable of accounting for cloud polarized scattering
in operational RT models.

A positive PD is observed at window microwave channels
for cloudy cases (e.g., 89, 157, 243, and 640 GHz) due to the
presence of horizontally oriented nonspherical ice hydromete-
ors [15]–[18], [24], [25]. A universal bell-curve relationship
has been found between TBV and PD at these frequencies in
cloudy regions, based on observations collected by both space-
borne [e.g., the Tropical Rainfall Measuring Mission (TRMM)
Microwave Imager (TMI), the Microwave Analysis and Detec-
tion of Rain and Atmospheric Structures (MADRAS) instru-
ment onboard Megha-Tropiques, and the global precipitation
measurement (GPM) microwave imager (GMI)] and airborne
[e.g., the International Sub-millimeter Airborne Radiometer
(ISMAR), NASA’s Compact Scanning Submillimeter-wave
Imaging Radiometer (CoSSIR)] passive microwave measure-
ments that operate with conical scans in different climate
regimes (see [17]–[19]). Conical scanners operate at constant
incidence angle and fixed polarizations, whereas cross-track
instruments scan across incidence angles and mix the polar-
ization TBs. Currently, polarized TB observations are limited
to 166 GHz (onboard GMI) and higher submillimeter frequen-
cies are only available onboard ISMAR and COSSIR onboard
demonstrator aircrafts. The upcoming conically scanning ice
cloud imager (ICI) will measure both vertically and horizon-
tally polarized at 243 and 664 onboard MetOp-SG (MetOp
Second Generation) series of satellites.

In this study, we propose to parameterize the PD values
as a function of the TB = (TBV + TBH)/2 [26]. To do so,
we investigate one year of TB observations from Level-1C
GMI [27] observations (2015) for precipitating clouds. Pre-
cipitation determination was obtained from GPM Level 2-A
GPROF (Goddard Profiling) precipitation rainfall rate [28].
Different latitudinal parameterizations of the PD signals are
built as a function of TB = (TBV + TBH)/2 for 89- and
166-GHz channels for land and ocean separately, based on the
observed “bell-curve” relationship between PD and TB. The
robustness of the proposed parameterization is assessed with
respect to the sensitivity of the bell curve with seasons and
latitude bands. Then, we evaluate the PD parameterization by
comparing it with RT simulations for a mesoscale convective
system (MCS) in Southeastern South America that is also
observed by GMI. This case is simulated using the weather
research and forecasting (WRF) [29] version 3.9.1, coupled
with ARTS. The proposed parameterization is applied to the
simulated TB to reconstruct the PD, which is then evaluated
against the observed GMI PD values.

This article is structured as follows. Section II presents
the data and the RT framework employed. In Section III,
the bell curve observed by GMI from precipitating clouds
over both land and ocean in 2015 is analyzed. Following a
seasonal and latitudinal analysis, the PD-TB relationship is
parameterized as a function of TB. Section IV evaluates the

proposed parameterization with a real case study observed
with GMI, and Section V concludes this study.

II. OBSERVATIONAL DATA SET AND RT MODEL

FRAMEWORK

A. GPM Observations

GMI onboard GPM flies at an altitude of 407 km in a
non-Sun-synchronous orbit, scanning the Earth atmosphere
with an off-nadir angle of 49◦ (53◦ incidence angle at the
surface) between 68◦S and 68◦N [30]. It has swaths that
are 885 km wide and 13 channels at 10.6, 18.7, 23.8, 36.5,
89, 166, 183.31±3, and 183.31±7 GHz, where channels at
10.6, 18.7, 36.5, 89, and 166 GHz have both horizontal and
vertical polarizations and all the other channels have only
vertical polarization. The antenna-pattern polarization basis
is aligned with the -v and -h basis at the Earth’s surface.
In this study, we analyze one year of GMI Level-1C TBs
[31] during 2015 primarily for the two window channels
at 89 and 166 GHz. The footprint sizes for these two channels
are of 7 × 4 km and 6 × 4 km, respectively. In addition,
the GPM L2A GPROF algorithm [28] is used to map the
rainfall characteristics of the analyzed TBs, mainly rainfall
rate R. The GPROF R is used to discriminate the precipitating
cloud PD signals from the surface PD signals observed by
GMI under clear sky conditions. A rainfall rate threshold of
R > 1 mm h−1 is used in this study to remove clear skies,
shallow precipitating clouds, and nonprecipitating clouds.

B. RT Model Framework

To evaluate the proposed parameterization through RT
simulations, we combine simulations from WRF [29]
(version 3.9.1) and the ARTS RT model [23] (version 2.3).
The WRF model is used to provide the atmospheric and sur-
face conditions of the studied case to the RT model, including
pressure, temperature, humidity, surface skin temperature, and
the mixing ratios of the hydrometeors. The WRF simulations
are performed with a 10-km horizontal grid spacing to match
the GMI footprint sizes. WRF simulations are generated
through a local ensemble transform Kalman filter (LETKF)
[32] data assimilation and forecast system based on gridpoint
statistical interpolation (GSI) using conventional observations
from the WMO Binary Universal Form for Representation
of Meteorological Data (BUFR) files processed at NCEP,
an automatic stations regional network, and satellite-derived
winds [33]. The following WRF parameterizations were used:
YSU [34] for the planetary boundary layer, WSM6 [35] for
microphysics, the modified version of the rapid RT model
long-wave radiation [36], and the Dudhia short-wave radiation
[37] schemes are employed, as well as the Noah Land Surface
Model [38].

Regarding the RT simulations, the RT4 scattering solver
[39] implemented inside ARTS is used to simulate the
TBs together from the atmospheric and cloud variables pro-
vided by the WRF simulations described above. The RT4
model assumes plane-parallel geometry and employs the
doubling-adding method, as do many operational RT models.
The land surface emissivity used in the RT simulations is
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derived from the Tool to Estimate Land Surface Emissivities
from Microwave to Sub-millimeter waves model (TELSEM2)
[40], which is used in other operational RT models (e.g.,
RTTOV) to provide realistic land surface emissivity values.
Further details on the RT simulations performed are given in
Section IV.

III. CHARACTERISTICS OF THE OBSERVED CLOUD

POLARIZATION SIGNAL

A. Analysis of the GMI Observations

Fig. 1(a) and (b) shows the geographical distribution of the
averaged PD at 166 GHz and the rainfall rate for the data
analyzed (year 2015 and GPROF R above 1 mm h−1). This
is achieved by mapping all GMI observations and GPROF
R onto a common 1◦ × 1◦ grid. If multiple values of TB
and/or R occurred in the same grid box, these were averaged.
Fig. 1(c) shows the total number of precipitation events in each
grid box. The highest rainfall rates and PD signals are found
dominantly in the regions of the Inter Tropical Convergence
Zone (ITCZ), jet regions, and frontal system passages in
the midlatitudes (e.g., offshore of the east coast of North
America), which is consistent with the global distribution of
MCSs [41]. Fig. 1(a) shows a region of very large PD in
Southeastern South America, where some of the most intense
deep convective systems occur [42]–[45]. One intense MCS
that developed on November 22, 2018 over this region is
selected to evaluate the proposed PD parameterization (see
Section IV). Note that deep convective cores that produce the
strongest rainfall rates show weak PD signals in Fig. 1(a) as
discussed in previous studies [16], [17], [25] due to the intense
vertical air motion inside them that leads to nearly randomly
oriented particles [41], [46]. Instead, the detrained stratiform
clouds that are dominated by the aggregation of snow particles
show relatively large PD values [47].

Fig. 1 shows the regions over the ocean at high latitudes
with significant PD but weak R and a low number of precipi-
tation events. This higher PD can be explained by the presence
of sea ice, which has higher emissivities than open ocean
surfaces and is additionally strongly polarized at 166 GHz
[48]. The decrease in atmospheric opacity at higher latitudes
also favors an increasing contribution of the surface polariza-
tion to the observed PD in these areas (see [49]). Removing
GMI observations over sea ice, desert, snow surfaces, and
water/land/ice boundaries, as determined by GPM surface
flags, greatly reduces these high-latitude PD signals. For this
reason, the following discussion excludes these GPM surface
flags. Keeping in mind that in some cases, there is undetected
sea ice by the GMI algorithm.

Fig. 2 shows the calculated median of the PD as a function
of TB in different latitude bands for precipitating clouds
observed by GMI with R > 1 mm h−1. In addition, we include
in black the global PD median that includes all the available
latitude bands (from 70◦S to 70◦N) and its corresponding
standard deviation (SD). The medians are calculated with
2k bins for TB values and 1k bins for PD values. Fig. 2
shows that there is a clear distinction between the tropics and
midlatitudes, and the land/ocean curves in the midlatitudes.

Fig. 1. (a) Mean PD (166 GHz) values for GMI data (2015) with
R > 1 mm h−1. Additional information is provided in (b) regarding mean R
and (c) number of events taken into account statistically with R > 1 mm h−1.
The rainfall data were taken from the GPROF L2A GPM product.

Disregarding for now the highest latitudes (above > ±50◦),
the PD peaks occur at about the same TB value for all latitude
bands at 89 GHz (∼220 K). The PD-TB behavior at low
TB values (i.e., convective regions) is similar for all latitude
bands. The weak polarization signals observed (PD ∼0 K) are
a result of the presence of randomly oriented graupel and/or
hail in strong convective updrafts. The PD tends to increase
with latitude in both hemispheres, specially between 190 and
230 K for the 166-GHz channel, and this trend is stronger
over the ocean than over land. This is consistent with results
in previous studies [19], [25]. A lack of interhemispheric
symmetry, discussed in [19], is shown for 166 GHz over land.
In addition, all tropical bands between ±30◦ are shown to
be similar. A distinct behavior is shown between oceanic and
continental PD-TB relationships at 166 GHz, partially due to
the strong diurnal variation of the PD over land at 166 GHz
[19], [20] and due to much deeper convection occurring over
land than over the ocean. In addition, as shown in [19], Fig. 2
shows that the increase in the PD with latitude is stronger
over the ocean than over land. The variability in the PD-TB
curves related to the latitude bands below ±50◦ is well within
the SD of the global PD-TB curve. Note that the PD-TB
curves show a very different behavior at the highest latitudes
(> |±50o|), with large PD values, especially at 89 GHz
over the ocean with PD values peaking at 20 K. This can
be explained by the shallower clouds (TB > ∼200 K) that
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Fig. 2. PD median as a function of TB = (TBV + TBH)/2 for different
latitude bands (see labels) for GMI data (2015). Only GMI data with GMI
GPROF R > 1 mm h−1 is used to remove surface signals. (Top) Observations
over the ocean at (a) 89 and (b) 166 GHz. (Bottom) Observations over land at
(c) 89 and (d) 166 GHz. The black curve shows the global PD median taking
into account all latitudes together (70◦S–70◦N) and its error bars are derived
from the SD. GMI observations over sea ice, desert, snow surfaces, and
water/land/ice boundaries, as determined by GPM surface flags, are excluded
from the data.

are relatively transparent at this frequency, and hence, the
observed PD-TB curve includes the contribution from the
highly polarized ocean surface. When eliminating the shallow
clouds by increasing the rainfall R threshold to 3 mm h−1,
for example, we greatly limit the received surface emission
and thus reduce the PD values for latitudes > |±50o| by
approximately 10 K at 89 GHz over the ocean.

Finally, the seasonal dependence of the PD-TB relationship
is considered in Fig. 3 by analyzing the differences in the
PD-TB parameterization for the entire year (solid lines) and
the period comprising the months of December, January,
February, and March (D, J, F, and M). This period comprises
the wet (dry) season in the southern (northern) hemisphere.
We find that the central tropical band between 10◦S < latitude
< 10◦N (in green) shows no seasonal dependence, but in the
tropical bands between 10◦ and 30◦ (in yellow), there is a
very small variability of the PD-TB relationship (< 1.5 K)
for moderate TBs (175–240 K) as a result of the dry season
in the northern hemisphere, higher at 166 GHz than 89 GHz.
The opposite behavior occurs during June, July, August, and
September (J, J, A, and S; not shown), where the small
seasonal variability appears in the tropical bands between 30◦S
and 10◦S. This seasonal variability in the 10◦–30◦ band of both
hemispheres is as large as the land/ocean differences, well
within the SD of the yearly curve. Note that the transition
months are also analyzed (M, O, and N) and show a similar
behavior as the yearly curve. Similarly, the seasonal variations
of PD-TB relationship are analyzed for the midlatitudes for the
northern hemisphere (30◦N–50◦N, in red) and the southern

Fig. 3. PD median as a function of TB = (TBV + TBH)/2 for different
latitude bands (see labels) for GMI data comprising 2015 (solid lines) and
the period D, J, F, and M (dashed lines). Only GMI data with GMI GPROF
R > 1 mm h−1 is used to remove surface signals. (Top) Observations over
land at (a) 89 and (b) 166 GHz. (Bottom) Observations over sea at (c) 89
and (d) 166 GHz. GMI observations over sea ice, desert, snow surfaces, and
water/land/ice boundaries, as determined by GPM surface flags, are excluded
from the data.

hemisphere (30◦S–50◦S, in blue). A seasonal dependence is
also found for 89 GHz over both land and ocean, as well
as for 166 GHz over land, for moderate TBs (175–240 K).
The PD signal in the warm and wet season (i.e., in the
southern hemisphere, blue line) is found to be lower than the
one in the cold season (i.e., in the northern hemisphere, red
line). A similar analysis for J, J, A, and S separately (not
shown) throws similar conclusions. By comparing the PD-TB
relationship for the warm/cold season in the northern/southern
hemispheres (not shown), it can be concluded that at 89 GHz,
the warm season PD-TB relationship is similar for the northern
and the southern hemispheres over both land and sea, but
at 166 GHz over land, these differences are not negligible
(∼1.5 K). As discussed previously regarding the latitudinal
variations in Fig. 2, these seasonal variations are also within
the SD around the yearly PD median. For this reason, the
proposed parameterization does not consider the PD seasonal
dependence.

B. Parameterization of the Observed Cloud PD Signal

From the discussion above, we aim to present three different
parameterizations of the PD-TB median relationships shown
in Fig. 4: one for the tropics (30◦S–30◦N, in red), one for
the midlatitudes (30◦-70◦ in both hemispheres, in blue), and
a global parameterization (in black) at 89 and 166 GHz over
the ocean and land separately. In addition, Fig. 4 shows the
SDs for the three medians that are used as the error bars
of the proposed parameterizations. The medians in Fig. 4
are calculated with 2k bins for TB values and 1k bins for
PD values. The distinct behavior of the median midlatitudes
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Fig. 4. PD median as a function of TB for the tropics, midlatitudes, and the
global relationship (see labels) for GMI data (2015). Only GMI data with GMI
GPROF R > 1 mm h−1 is used to remove surface signals. (Top) Observations
over the ocean at (a) 89 and (b) 166 GHz. (Bottom) Observations over land at
(c) 89 and (d) 166 GHz. The red and blue error bars are derived from the SD of
the tropics and midlatitudes relationships, respectively, while the shaded gray
area represents the SD around the global relationship. GMI observations over
sea ice, desert, snow surfaces, and water/land/ice boundaries, as determined
by GPM surface flags, are excluded from the data.

and tropical PD-TB curves motivates the proposal of these
latitudinal parameterizations, in addition to the global para-
meterization, for regional applications.

The medians are parameterized using a cubic spline to
build a lookup table of PD-TB pairs. Table I presents the
proposed PD parameterization in 10k intervals as a function
of TB (in the range 70–250 K) for 89 and 166 GHz for the
global (black), tropics (red), and midlatitudes (blue) regions,
over land and ocean surfaces. Note that only those bins in
this 2015 data where the number of observations that fall
into the tabulated PD-TB bins falls above 15 are considered.
The median PD-TB curves can be reconstructed using this
approach and the values remain inside one SD from the median
curve (not shown).

IV. PARAMETERIZATION EVALUATION

A. Observations for a Case Study

An intense MCS over Southeastern South America observed
by GMI is chosen to evaluate the proposed parameterizations.
This event developed over central and northeastern Argentina
during November 22, 2018 when a cold front crossed this
region generating isolated convection that later grew into an
MCS. Severe weather events were reported, and surface mete-
orological stations recorded values of 300 mm of accumulated
precipitation. The available GMI PD observations at 37, 89,
and 166 GHz are shown in Fig. 5 together with overlaid
TBV contours at 180 K (in red) and 250 K (in magenta)

Fig. 5. GMI PD observations on November 22, 2018 at 0830 UTC over
Argentina at (a) 37, (b) 89, and (c) 166 GHz. The red and magenta lines
correspond to TBV contours at the TBs specified in the corresponding legends.

Fig. 6. PD-TB GMI median observed (dashed black lines) at (a) 89 and
(b) 166 GHz over land for the domain of interest shown in Fig. 5. For each 1 K
by 2 K PD-TB pair, the color indicates the normalized number of counts on
a log scale. The blue and black solid lines, with their corresponding SDs as
error bars, illustrate the proposed global and midlatitudes parameterizations.

for each channel. Note that Fig. 5 shows the TBV values
rather than TB values as its accustomed in practice when
analyzing GMI TBs. These TBV contours are illustrative of
the regions of the lowest TB areas, which indicates the regions
with the strongest convective cores. As expected, the coldest
regions (TBV < 180 K) show small PD values due to the
stronger convective upward motion in convective cores. The
stratiform areas (180–250 K) show PD values that increase
with frequency (166 GHz PD > 89 GHz PD > 37 GHz PD).
At 37 GHz, only the most intense convection is observed in
TBV space (delimited by the 250 K TBV contour in red).
Outside this contour, this frequency is less sensitive to the
other areas of the MCS. The larger PD signals observed
at 37 GHz (e.g., 15 K at 35◦S and 64◦W) mainly originate from
the polarized surface. At 89 and 166 GHz, the contribution
from the surface is limited, and the 180 K TBV contour
area indicating the strongest convective regions shows low
PD values, while the region within the 250 K contour shows
a higher PD value that is associated with the stratiform
regions of the system. Comparing the 37-GHz PD values in
the geographical region delimited by the 89-GHz 250 TBV
contour to the 89-GHz PDs further illustrates the sensitivity
at 37 GHz to surface emission.

Fig. 6(a) and (b) shows the median PD-TB curve as calcu-
lated from the November 22, 2018 GMI observations shown
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in Fig. 5 for 89 and 166 GHz over land (black dashed lines),
respectively. Similar to the analysis shown in Section III, for
each 1 K by 2 K PD-TB box, the color in Fig. 6 indicates
the normalized number of counts in each PD-TB pair on a
log scale for the observations shown in Fig. 5. The black and
blue solid lines and their error bars illustrate the proposed
global and midlatitudes parameterizations presented in Table I,
respectively. The parameterizations agree well with the PD-TB
relationship for this particular case, and differences are within
the PD-TB SD. For the lower end of TB values, the parame-
terization slightly overestimates PD at 89 and 166 GHz. For
the higher TB values at 89 GHz, between 250 and 300 K,
the large PD values shown that yield a clear lambda shape
correspond to the few pixels in Fig. 5 over the sea.

B. Parameterization Evaluation Through RT

In this section, we evaluate the proposed parameterization
through RT simulations, as described in Section II-B. The
aim is to reconstruct the PD signal from the simulated TB.
We simulate the case study in Fig. 5 using WRF+ARTS(RT4)
to test the performance of the proposed midlatitude parameter-
ization. Similar results are found when employing the global
parameterization (not shown).

The WRF-WSM6 scheme predicts five hydrometeor cate-
gories: cloud liquid, cloud ice, rain, snow, and graupel. The
single-scattering properties of cloud water and cloud ice are
calculated as randomly oriented spheres following Mie theory,
using the dielectric properties following Liebe et al. [50]
for liquid species and Mätzler [51] for cloud ice. These are
reasonable assumptions for the liquid phase and pristine ice
habits in these microwave frequencies. The single-scattering
properties of raindrops are calculated using the T-matrix
approach assuming randomly oriented spheres. Finally, the
single-scattering properties of snow and graupel species are
derived from the Liu (2008) DDA data set [11] for randomly
oriented sector habits. This is known as the “one-size-fits-
all” sector snowflake model following Geer and Baordo [8],
which is currently employed in RTTOV-SCATT operational
setup. For all the hydrometeor types considered in the RT
simulations, their corresponding WRF-WSM6 gamma particle
size distributions (PSDs) of the form Nx (D) = ∫

N0x Dμx

exp(-λx D) d D are used, where Nx (D) represents the number
concentration of particles of a given hydrometeor class (x , i.e.,
snow, rain, cloud, graupel, and ice) and diameter D, N0x is
the y intercept parameter, μx represents the slope parameter,
and λx is the shape parameter of the distribution. Exploring the
impact of the PSD on simulated TB is outside the scope of the
present work. In order to apply the optical properties of the Liu
(2008) DDA database to the WRF(WSM6) snowflakes consis-
tently, the equal mass approach is introduced [5]. The equal
mass approach consists of describing the optical properties of
the WRF snowflakes with the optical properties of habits in the
DDA database whose dimensions might be different (D’) but
whose mass is conserved through aWRF DbWRF = aDDA D�bDDA ,
where aWRF (aDDA) and bWRF (bDDA) are the parameters of the
mass-size relationship of WRF-WSM6 (intrinsic to the DDA
Sector habit).

Fig. 7. (a) and (c) Observed GMI TB values on November 22, 2018
at 08:30 UTC for the region of interest at 89 and 166 GHz, respectively.
(b) and (d) Corresponding WRF+ARTS(RT4) simulations at 89 and 166 GHz,
respectively. [Top-right corner of (b) and (d)] Frequency distribution of the
simulated (blue line) and observed (red line) TB values, using 5k bins
at 89 and 166 GHz, respectively. The black line overlaid in all first four
figures illustrates a specific GMI transect analyzed in detail in (e)–(f), where
the observed and simulated TB values are shown as georeferenced with
latitude. (g)–(h) Observed and reconstructed PD values through the proposed
midlatitude parameterizations over land.

ARTS(RT4) is run to compute TB = (TBV + TBH)/2 from
which to reconstruct the observed PD at 89 and 166 GHz using
the proposed midlatitude parameterization.

Fig. 7 shows the observed TB from GMI at 89 GHz of the
selected MCS case study on the top left [see Fig. 7(a)] and the
corresponding RT4 simulations on the top right [see Fig. 7(b)].
The TBs agree well between the GMI observations and the
RT4 simulations at 89 GHz. Similarly, Fig. 7(c) and (d) shows
the TB observations and simulations at 166 GHz, respec-
tively. When comparing the simulations with the observa-
tions, it is important to remember that the RT simulations
depend mainly on: 1) the integrated species content modeled
by WRF; 2) the WRF microphysics parameterization; and
3) the assumed single-scattering properties, especially for the
snowflakes and graupel. For example, Fig. 7(c) and (d) shows
that the simulated TB at 166 GHz is colder than observed.
Either WRF generates more scattering species than actually
present at the time of the GPM passage or the RT model
(and its necessary assumptions) simulates excessive scattering
or both. The WRF-WSM6 is known to generate excessive
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Fig. 8. Statistical distribution of the observed PD values (red line) and the
reconstructed PD values (blue line) using RT simulations and the proposed
midlatitude parametrization at (a) 89 and (b) 166 GHz.

graupel species [5], which could induce an overestimation of
the scattering signals.

It is important to show that the simulated TB values are
comparable to the observed values since the proposed para-
meterization is to be applied to the simulated TB. To analyze
the representativeness of the RT simulations, the top-right
corner of Fig. 7(b) and (d) shows the frequency distribution of
the simulated (blue line) and observed (red line) TB values,
using 5k bins. The 89-GHz simulations are shown to perform
well. The differences are larger at 166 GHz than at 89 GHz,
with simulated TB values lower than the observations and
an underestimation of simulated values between 140 and
220 K. The χ2 test of these distributions was evaluated as
a measure of how close the simulated distributions are to the
observed distributions. The χ2 test follows from χ2 = ∑

Ei ,
where Ei = [X (i) − Y (i)]/(X (i))1/2. X (i) and Y (i) are the
relative frequencies of the observations and the simulations
in the respectively computed i th bins. The χ2 test of these
distributions, considering only bins below 260 K in order to
neglect clear-sky pixels and focus on the cloudy contribution
over land, shows good consistency in a statistical sense with
values of 0.14 and 0.27 at 89 and 166 GHz, respectively. In the
next step, the parameterization is applied to the simulated
TB values to reconstruct the observed PDs and compare it
with the observations. Fig. 7(e)–(h) shows the observed and
simulated TB and PD values along a specific transect (shown
by the black lines in Fig. 7) at 89 and 166 GHz. As expected,
the TB depressions associated with ice cloud scattering are
not simulated at the exact latitude as actually observed, since
WRF has uncertainties in capturing the MCS passage [52].
Fig. 7(g) shows the observed PD in black and the reconstructed
PD using the midlatitude parameterization proposed in red
at 89 GHz. Similarly, Fig. 7(h) shows the same comparison
at 166 GHz. The parameterization is shown to well represent
the observed PD. Fig. 8 shows the statistical distribution of
the observed PD values at 89 and 166 GHz together with the
reconstructed PD values using the proposed parameterization.

V. SUMMARY

Previous studies have shown that stratiform clouds have
large microwave polarized signals PD values of the order

of 10 K at 89 and 166 GHz) due to the presence of hor-
izontally aligned large ice and mixed-phase hydrometeors.
In contrast, convective regions show weak polarization signals
(close to 0 K) and have low TBs due to the presence of
randomly oriented graupel and/or hail in strong turbulent
updrafts. Polarized microwave cloud scattering signals have
been shown to have a robust PD-TB bell-curve type relation.
The present study analyzes one year of GMI Level 1C
TB observations and this bell curve. Larger PDs are found
at 166 GHz than at 89 GHz, due to the scattering properties
of the ice phase increasing with frequency. The regional and
seasonal variability of the bell curve is analyzed and different
parameterizations are derived using hermite cubic spline inter-
polation for global/tropics/midlatitudes regions for land/ocean
surfaces at 89 and 166 GHz. Robust parameterizations allow
the reconstruction of the PD signal from simulated TBs with
fast RT simulations. This is important, given that operational
RT models do not currently simulate the cloud polarized
signal and that significant to large PD signals have been
observed for large frequencies above 80 GHz. The suggested
parameterizations will make it possible to simulate the cloud
polarized signal measured by the current satellites, from fast
RT models. An RT modeling framework is applied to an
observed MCS in South Eastern South America to evaluate the
proposed parameterization. The proposed parameterization is
used together with a plane-parallel fast RT model to simulate
randomly oriented DDA Liu (2008) sector habits and is shown
to reproduce the observed polarization successfully. This para-
meterization has the potential to be used operationally in
fast RT simulation and exploit the large number of cloud
polarized observations available. Future work will compare
these results with the recently available ARTS DDA scattering
database [12] that includes ice habits with horizontally aligned
orientations. However, even if more complex and realistic ice
particle shapes could be used, a fully polarized sophisticated
ice-scattering calculation is very computational expensive and
time consuming. Future work will also focus on exploring
and extending this work to PD signals at higher submillimeter
frequencies. This is important in the context of the upcoming
conically scanning radiometer ICI, which will measure both
vertical and horizontal polarizations at 243 and 664 GHz
onboard the MetOp-SG operational European satellite.
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